The ability of cells to rejoin DNA double-strand breaks (DSBs) usually correlates with their radiosensitivity. This correlation has been demonstrated in radiosensitive cells, including the Chinese hamster ovary mutant XRS-5. XRS-5 is defective in a DNA end-binding protein, Ku80, which is a component of a DNA-dependent protein kinase complex used for joining strand breaks. However, Ku80-deficient cells are known to be retarded in cell proliferation and growth as well as other yet to be identified defects. Using custom-made 600-gene cDNA microarray filters, we found differential gene expressions between the wild-type and XRS-5 cells. Defective Ku80 apparently affects the expression of several repair genes, including topoisomerase-I and -IIA, ERCC5, MLH1, and ATM. In contrast, other DNA repair-associated genes, such as GADD45A, EGR1 MDM2 and p53, were not affected. In addition, for large numbers of growth-associated genes, such as cyclins and clks, the growth factors and cytokines were also affected. Down-regulated expression was also found in several categories of seemingly unrelated genes, including apoptosis, angiogenesis, kinase and signaling, phosphatase, stress protein, proto-oncogenes and tumor suppressors, transcription and translation factors. A RT-PCR analysis confirmed that the XRS-5 cells used were defective in Ku80 expression. The diversified groups of genes being affected could mean that Ku80, a multi-functional DNA-binding protein, not only affects DNA repair, but is also involved in transcription regulation. Our data, taken together, indicate that there are specific genes being modulated in Ku80-deficient cells, and that some of the DNA repair pathways and other biological functions are apparently linked, suggesting that a defect in one gene could have global effects on many other processes.
INTRODUCTION
Cells respond to radiation and chemical-induced damage by activating stress-responsive molecules, including DNA repair genes or, if the damage is too extensive, to commit suicide by activating the apoptotic pathway [1] [2] . Many of these inducible genes affect signal transduction, replication, transcription, translation, cell-cycle arrest, proliferation and angiogenesis, and therefore could be important for predicting responses in cells and for improving the success of radiotherapy and chemotherapy to eradicate tumors. One of the major lethal lesions induced by ionizing radiation in cells is DNA double-strand breaks (DSB), which disrupt the integrity of the DNA molecules. Several mammalian cells that are defective in the repair of DNA-DSB share a common phenotype that is highly sensitive to ionizing radiation, which include the Chinese hamster ovary mutants xrs-5, xrs-6 and XRCC 4 to 7 [1] [2] [3] [4] [5] . For mutants in the XRS series, the molecular defect of XRS-5 and -6 had previously been identified as the autoantigen Ku80, which is a subunit of the DNA end-binding protein dimer (Ku70/80) and a component of the DNA-dependent protein kinase (DNA-PK) complex [3] [4] [5] [6] [7] [8] [9] . XRS-5 cells and the Ku80 homozygous-deletion mutants were found to be deficient in growth, DNA replication, VDJ recombination and altered transcription [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Thus, DNA repair mutants of a specific phenotype may affect multiple physiological functions. However, it was not known which genes in these pathways were affected.
We were interested in the cellular response to radiation and DNA repair, including the defects in XRS cells 9, 20, 21) . In order to further elucidate the differential gene expressions between the repair deficient cells, XRS-5, and its parental counter part (CHO), we analyzed the expression of several categories of genes using the microarray approach. The microarray of cDNA is a powerful technique recently developed to simultaneously analyze the expressions of hundreds and thousands of genes in a rapid and manageable manner [22] [23] [24] [25] [26] . We are interested in developing techniques in a microarray of cDNA in a rapidly analyzing global pattern of gene expression 22) . The genes with altered expression may play specific roles in the cellular response to damage, including apoptosis, proliferation, cell-cycle arrest, tumor growth, differentiation and angiogenesis. These patterns of altered gene-expression are potentially useful for monitoring and predicting radiation and drug resistance in cells and tumors. In addition, our data will be extremely useful in linking specific repair defects to other physiological pathways and functions.
MATERIALS AND METHODS

Cells and ionizing irradiation
The parental wild-type Chinese hamster ovary (CHO) cells and the XRS-5 mutants were originated from Penny Jeggo 27) , who provided it to one of us (D. J. Chen); the cells were cultured in DMEM with 10% FCS, as described. Cells grown to the late-logarithm phase were irradiated at room temperature with a single dose of 20 Gy at SSD 70 cm, using a Co-60 the-rapy machine with a corrected dose rate of 69.8 cGy/min. The cell survival was quantitated by a clonogenic assay 28) .
RNA isolation and labeling of cDNA
RNA was isolated from 10 million cells using a RNA isolation kit (RNeasy kit and QIA Shredder, Qiagen, Hilden, Germany). To prepare the hybridization probes, mRNAs were purified from the total RNA using Oligotex-dT resin (Qiagen). One µg of each mRNA sample together with the control plant mRNA, were labeled with biotin, in single-color detection, as describe previously 22) . The labeling of cDNA probes (up to 2 µg of mRNA) was performed during reverse transcription in the presence of 6 µM random primers: 0.5 mM each dATP, dCTP, and dGTP; 40 µM dTTP; 40 µM biotin-16-dUTP (Boehringer Mannheim); 10 mM DTT; 0.5 unit/µl Ribonuclease inhibitor (GIBCO/BRL, Gaithersburg, MD, USA); and 200 units of MMLV reverse transcriptase (GIBCO/BRL) in a 50-µl solution. The reaction mixture was incubated at 42°C for 90 min and stopped by heating to 99°C for 5 min. The RNA template was degraded by the addition of 5.5 µl of 3 M NaOH, followed by 30-min incubation at 50°C. After neutralizing the samples with 5.5 µl of 3 M acetic acid, the labeled cDNAs were precipitated by the addition of 50 µl of 7.5 M ammonium acetate, 20 µg of linear polyacrylamide as a carrier, 375 µl of absolute alcohol, and water to a final volume of 525 µl. The samples were then precipitated by centrifugation and redissolved in 10-20 µl of DEPC treated water.
Categorization of custom-made cDNA membrane filters
Microarray membranes containing custom-made 600-dot cDNA were generated and kindly provided to us by Dr. K. Peck of Academia Sinica, Taiwan, ROC, as described previously 22) . The cDNA panel, purchased from Research Genetics Lab., contained genes of various categories, including 24 growth factors or cytokines, 26 cell-cycle controls, 5 DNA replications, 12 DNA repairs, 50 proto-oncogenes and tumor suppressors, 50 kinases and signaling, 36 transcriptional factors, 19 angiogenesis, 9 phosphatases, 5 translations, 160 other miscellaneous functions, 8 controls, 43 ESTs, and 95 unknown functions (Figure 1 ). These 600 cDNAs were selected based on their importance and significance as well as their citation rates in the literature.
Microarray filter hybridization and analysis
The membrane filters were prehybridized in 1 ml hybridization buffer (5×SSC, 0.1% sodium N-lauroylsarcosine, 0.1% SDS, 1% blocking reagent (Boehringer Mannheim), and 100 µg/ml denatured and sonicated salmon sperm DNA) at 68°C for 1 h. The reactions in 10 µl of prehybridization buffer contained 200 µg/ml d(A) 10 and 300-400 µg/ml human COT-1 DNA to prevent any nonspecific binding, also, biotin-labeled cDNA were hybridized to cDNA fragments on the membrane by the Southern hybridization procedure. The reaction mixture was sealed with the membrane in an assembly (SureSeal, Hybaid, Middlesex, UK), attached to a weight and incubated at 95°C for 2 min and then at 68°C for 12 h. The membrane was then washed with 2×SSC containing 0.1% SDS for 5 min at room temperature, followed by three washes with 0.1×SSC containing 0.1% SDS at 65°C for 15 min each. After a reaction with streptavidin-Beta-galactosidase, and color development with 120 mM X-Gal at 37°C for 30-45 min, the intensity of the hybridization dots on the filters was quantified by a 3000 dpi highresolution UMAX densitometer-scanner. After analysis with Photoshop software, the image was transformed into digits and the signals were analyzed with a computer-assisted software program (Gene-Pix). The net expression of each gene was calculated by the mean intensity of the dot minus the medium of the surrounding background intensity. After normalization, 2-fold differences in up-or down-regulated expression were used to identify the unchanged or altered genes, as described 24) .
RT-PCR analysis
Reverse-transcription coupled with a polymerase chain reaction was performed with a Ready-To-Go TM RT-PCR Bead kit from: AmershamPharmacia Biotech Inc. Primers for Ku80 were Ku-13 (forward) 5'-CTTTGCAGCAAAAGATGAT-3' and Ku-12 (reverse) 5'-CAAAATGTGCTGCTGAAT-3' as described 7) and the primers for the housekeeping gene GAPDH were 5'-GACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTTGCTG-TAG-. Total RNA at 2 µg was added to the reaction together with 5 pmole each of the primers and oligo d(T) [12] [13] [14] [15] [16] [17] [18] at 0.25 µg with a final volume of 50 µl. Reverse transcription was performed at 42°C for 25min, while PCR was performed with denaturation at 95°C, 5min and then 30 cycles of 94°C for 30sec in denaturation, 55°C for 30sec in annealing and 72°C for 1min in extension, together with the final extension at 72°C for 7min. The samples were analyzed by agarose electrophoresis. The 600-dotted membrane filters contained genes with various categories, as described in Methods. 
RESULTS
Differential sensitivity of CHO and XRS-5 cells to ionizing radiation
Cells were treated with increasing doses of ionizing radiation, as described in Methods. The survival of the cells was analyzed by the clonogenic assay, as described previously. As shown in Figure 2 , the XRS-5 mutants were extremely sensitive to IR, as compared to the control wild-type CHO cells. The 10% survival doses were found to be approximately 6 Gy for CHO and 1 Gy for XRS-5 cells, respectively. This experiment was repeated three times with similar results.
Microarray analysis of cDNA of wild-type CHO and XRS-5 DNA repair deficient cells
The mRNA from these two cells was then analyzed for global gene expression using 600-dot cDNA membrane filters, as described in Methods. As shown in Figure 3 , Panels A and B, for one set of the experiments, the membranes hybridized with the CHO mRNA gave Chinese Hamster Ovary cells of the wild-type CHO and the DNA repair mutant XRS-5 were treated with increasing doses of ionizing radiation, as described in Methods. The survivability of the cells was analyzed by the clonogenic assay, as described previously.
considerable hybridization signals (Panel A). Plant genes were included in the membranes as well as in the labeling reaction, which acted as a control for the labeling and hybridization reactions. The XRS-5 cells were also analyzed for the pattern of gene expression using the cDNA membrane (Panel B). As shown from the hybridization signals of the control plant genes, similar signal-intensities were found in the XRS-5 samples as compared to the wildtype CHO cells, which indicate that the hybridization reactions were consistent and comparable for both cells.
Down-regulated expression of genes in DNA-repair mutant XRS-5
After subtracting the background signals and normalizing the intensity for hybridization, the data were further analyzed by computer software (Gene-Pix) for three separate sets of experiments. Our analysis indicated that XRS-5 cells were defective in the expression of several repair genes, including topoisomerase-I and -II-alpha, ERCC5, MLH1 and ATM. The expressions in XRS-5 ranged from 0.4 to less than 0.01 of those from wild-type CHO cells ( Figure 4A ). In addition, a large number of growth-associated genes, such as cyclins and clks, CDC, growth factors, were also affected. As shown in Figure 4B and Table 1 , cyclin A1, cyclin C, Cyclin G2, clk1 clk2 and clk3, CDC42, CDK inhibitor p19INK4d (CDKN2D) and the connective-tissue growth factor (CTGF) were all significantly decreased in gene expression (Table 1) . Down-regulated expression was also found in several categories of apparently unrelated genes, including apoptosis (BCR, MXI1, TNF-inducible protein TSG-6 precursor), angiogenesis (angiogenin inhibitor, TGF-beta receptor III, VEGF related protein, and Fmsrelated tyrosine kinase 1). Moreover, many of the molecules in the signaling pathways, such The cells were extracted for mRNA and then analyzed for the global gene expression using 600-dot cDNA membrane filters, as described in Methods. as kinase, phosphatase and signaling (integrin-linked kinase, FAK, tyrosine-protein kinase CSK, Casein kinase 2-beta, protein kinase C, etc), were also affected. The other categories include proto-oncogenes/tumor suppressors, transcription/translation factors and stress; metabolic proteins were also involved (Table 1) .
Up-regulated and unchanged expression of genes in the DNA repair mutant XRS-5
In order to determine if the down-regulation of gene expression found in XRS-5 cells is a general phenomenon, or if this is due to differences in the labeling and/or hybridization efficiency, the unchanged or up-regulated genes in these cells were also analyzed and the data were compiled. The 2-fold differences in the ratio of the expression were used to identify the unchanged or altered genes.
A considerable number of genes were found to express equally, or more, in XRS-5 cells, as compared to the control wild-type CHO cells in these sets of cDNA arrays. In the DNA repair category, the expressions of GADD45A, EGR1, MDM2 and p53 were not significantly affected ( Figure 5A ). The ratios of p53 in the two experiments were 0.61 and 1.49, respectively, which appear to be within the range of the two-fold differences, and it is part of the criteria for not being included as a differential expressed gene. Our data indicate that the expression of p53 in XRS-5, as with other members of this category, is apparently similar to the control CHO cells. Similarly, there is no differential expression in the members of the other categories of genes, including the control housekeeping genes ( Figure 5B ) housekeeping genes were found to be unchanged in these two cells, which also served as internal control for the microarray assay (data not shown). A partial list of genes that had considerable expression, but had no significant difference or up-regulated expression in XRS-5 cells, is given in Table 2 .
RT-PCR analysis of Ku80 and GAPDH
To confirm the results of the microarray and the authenticity of the cells, total RNA was isolated from the XRS-5 and the control CHO cells, and the levels of mRNA for Ku80 and the house-keeping gene GAPDH were analyzed by RT-PCR. As shown in Figure 6 , the RT-PCR reaction with the RNA from the wild-type CHO cells produced a visible band of the expected size of 200 bp for Ku80 ( Figure 6, lane 3) , while the sample from XRS-5 cells did not produce any detectable PCR-product ( Figure 6, lane 5) . As a control for the RT-PCR reaction and for the integrity of the RNA preparation, the housekeeping gene GAPDH was also used for the same RT-PCR reaction. A comparable number of RT-PCR products of GAPDH were produced by the RNA samples from both the CHO and XRS-5 cells. These data indicate that the decreased PCR product of Ku80 is due to the decreased level of mRNA in XRS-5 cells. 
DISCUSSION
XRS-5 cells were found to have a considerable number of genes down-regulated as compared to the wild-type CHO cells, including topoisomerase-I and -II-alpha, ERCC5, MLH1 and ATM. In contrast, up-regulated or unaltered genes were found in other DNA repair-associated genes, such as GADD45A, EGR1, MDM2 and p53. It was previously documented that genes in the p53 pathway include MDM2, Waf1/Cip1/p21, ATM and GADD45, which may play major roles in the cellular response to radiation and DNA repair [10] [11] [12] [13] [27] [28] . Our data are in accordance with previous findings, showing that in vitro DNAPK may phosphorylate p53 11) , but in vivo it would not appear to play a central role in the activation of p53 as a transcriptional factor in inducing Waf1/Cip1/p21 13) . In addition, two papers had been published indicating that the DNA-PK, which is part of the Ku-70/80 repair-complex, selectively regulates p53-dependent apoptosis, but not cell-cycle arrest, while the activation of p53 could follow a DNA-PK independent manner 29, 30) . Thus, p53 and the Ku/DNA-PK pathway may not be unequivocally linked. Here, we showed that the expression of p53 and those of MDM2 and GADD45A, which are in the p53 pathway 31) , was not affected in Ku80-deficient cells, supporting the notion that p53 transcription is not directly involved in Ku80 deficiency. However, it is not known if the protein levels and/or the phosphorylation or other modification of p53 and other related proteins are affected. Similarly, an altered expression was also found with other categories of genes, including apoptosis, cell-cycle and proliferation, membrane, receptor and signaling, transcription, kinase, phosphatase, oncogenes, suppressors and stress/metabolism. Some of these genes were found to be down-regulated, while other members of the same groups were not. This is apparently not the result of differential labeling or hybridization efficiency, which indicates that individual genes within each category may behave differently. Some of the genes were apparently affected directly by the repair defect associated with Ku80, while the others were not. This phenomenon is apparently due to multiple pathways present and the differential response of individual genes in each physiological process.
Moreover, a normalized ratio of >2 was used to distinguish the unchanged, or altered, genes, as recommended by Sherlock et al 24) and other investigators. Those genes with marginal and questionable results had been excluded in our data as differentially expressed genes. However, we have no intention to indicate that our results are the equivalent of the entire spectrum of genes available, since this is only a 600-dot gene set. Nevertheless, we think that this gene set is very important because these 600 cDNAs were selected based on their importance and significance as well as their citation rates in the literature.
One other possibility for the diversified groups of genes being affected is that the deficiency in Ku80 not only affects DNA repair, but may also be involved in transcription regulation 9, [14] [15] [16] [17] [18] [19] . Ku is a multifunctional DNA-binding protein, which not only binds to double-stranded DNA ends, but other DNA structures, such as nicks, gaps, hairpins and ends of telomeres [3] [4] [5] . In addition, Ku and DNAPK may bind to other transcriptional factors, such as NF45 and NF90, which then form a purine-box transcriptional activator 14) . It also contains ATPase and helicase activities as well as DNA sequence specific-binding activity [3] [4] [5] . Ku is known to bind to a DNA sequence element, NRE1, in the long terminal repeat of MMTV and, together with DNAPK, to represses the transcription of MMTV 15) . Ku also binds to the -75 GATA motif of the Glycophorin B promoter and, together with the erythroid-specific factor hGATA1, forms a repressor complex 18) . Ku can preferentially bind to hairpin G-quartets, which are sites for DNA methylation 16) . Ku and DNAPK together phosphorylate many signaling proteins, including SV 40 large T antigen, P53, RNA polymerase II, RP-A, topoisomerases, Hsp90, and many transcription factors, such as c-Jun, c-Fos, oct-1, sp-1, c-Myc, and TFIID 3, 5) . Ku has been found to physically interact with Vav and Tyk2 to form a signaling complex in cells after interferon induction 19) . Ku colocalized with the viral protein E1A with altered expression in the nuclear matrix after adenovirus infection 32) . Thus, some of the altered expression of genes in XRS-5 could be a consequence of the absence of Ku80 in modulating mRNA synthesis and signaling. Our data, taken together, indicate that some of the pathways of DNA repair and other biological functions are apparently linked, and suggest that a defect in one could have global effects on many other processes.
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